Introduction 23
There are numerous non-destructive testing (NDT) methods for quantifying material condition in reinforced 24 concrete (RC) structures. Acoustic emission (AE), radiography method, and radar (microwave) methodology are4 surface through the use of a commercial epoxy resin. The bonding of the CFRP plate was undertaken through the 1 wet-epoxy layup process and the detailed procedures can be found in the publication [12] . 2
The thickness of the CFRP sheet and the epoxy layer were 0.167 mm and 0.34 mm, respectively. The size of the 3 concrete panel was 250 mm × 250 mm × 50 mm and that of the artificial defect was 50 mm × 50 mm × 30 mm. It 4 should be noted that the defect size can affect the effectiveness of acoustic-laser technique for defect detection in 5 FRP-concrete structure. If defect size is too small, the acoustic wave will not be able to excite the defect region. 6
The defect size is commonly seen 10% -20% of the side length of FRP-concrete structural element. Therefore, the 7 defect area 50 mm × 50 mm was considered in this study as a representative size of defect, given that the CFRP-8 concrete sample has the area of 250 mm × 250 mm. The configuration of the CFRP-bonded concrete panel and the 9 dimension of the artificial defect are shown in Fig. 1 . Since the reflective laser beam may be scattered due to the 10 roughness of the FRP surface, special surface preparation on the target was conducted by lamination of 11 retroreflective tape. In this circumstance, a focused return signal from the target can be ensured. 
Experimental setup
The key instruments of the acoustic-laser technique consist of loudspeaker, laser, photoreceiver, data acquisition 1 equipment, and computer. Fig. 2 shows the photograph and schematic diagram of the test setup of acoustic-laser 2 technique. The principle of acoustic-laser technique is described as follows. The white noise emitted from the 3 loudspeaker was used to excite the target to vibrate as it provides acoustic waves with a wide band of frequencies 4 which may contain the resonant frequency of the FRP surface. A laser beam was used to measure the vibration of 5 the target surface. The optical signals carried by the laser beam were transferred into the electrical signals via the 6 photoreceiver. The vibration behavior of the target surface was characterized from the electrical signals as they 7 contain the information of the surface vibration amplitude. The laser emitted a green optical beam with the wavelength of 532 nm and the spot size of 1.96 mm. The input 13 voltage and the output power of the laser were 220 V and 100 mW, respectively. Specifications of the loudspeaker 14 are given in Table 1 . The photoreceiver used in our research is composed of two parts: silicon photodiode and 15 amplification system. The silicon photodiode was used to collect the optical signal and transfer it into the electrical 16 signal. The properties of the silicon photodiode are also given in Table 1 . The amplification system was used to 17 enlarge the electrical signals from the photodiode. 18 In order to examine the capability of acoustic-laser technique to identify the presence of defect in the CFRP-bonded 2 concrete, scanned measurements over the defect region and the surrounding intact region were conducted. With the 3 laser moving on a tripod by manual adjustment, the surface of the defect region and the surrounding intact region 4 can be easily scanned. Fig. 3 depicts the schematic diagram of measurement points on the scanned surface over the 5 defect region and the surrounding intact region. For the intact region, the measurement points were at the 6 boundaries of the scanned surface. The measurement points inside the intact region were not considered in this 7 work because they make little difference in the defect characterization, since that FRP sheet is well bonded to the 8 concrete in intact region. For the defect region, the measurement points at the defect center, the defect boundaries 9 and inside the defect region were tested. In order to generate the contour map of the measurement signals, the 10 triangulation (shown as triangular element in Fig. 3 ) and the linear interpolation are employed. As previously mentioned, acoustic waves are used in the acoustic-laser technique for vibrating the surface of the 5 structures to be evaluated. The intensity of the acoustic excitation on the target is significantly influenced by the 6 following aspects. Distance of acoustic source can affect the amount of acoustic waves radiating from the 7 loudspeaker towards the FRP surface. SPL states the level of acoustic excitation. Incident angle of acoustic 8 excitation determines the decomposition of the acoustic pressure at the FRP surface. Therefore, several operational 9 parameters related to acoustic excitation are required to be studied including distance of acoustic source, SPL and 10 incident angle of acoustic excitation. Another parameter that should also be considered is the incident angle of laser 11 beam since the measured vibration signals are interpreted by the laser beam reflected from the target. The detailed 12 operational parameters of the acoustic-laser technique are outlined in the following Table 2 . 13 14 Table 2 The detailed parameters and their designed ranges in the experimental set up 15
Parameters
Range Unit caused by a sound wave, related logarithmically to the reference pressure of 20 μPa as given in Eq. (1) . An SPL of 6 80 dB corresponds to an acoustic pressure of 0.2 Pa [13] , while 120 dB SPL is equivalent to the pressure of 20 Pa, 7 100 times as much as the 80 dB. Fig. 4(b) shows the operational parameter of SPL for acoustic-laser technique. In 8 the test, the volume on the loudspeaker was turned up so as to increase the SPL. Here, a sound level meter was used 9 to measure the SPL. The background SPL in the laboratory was 55 dB. The largest SPL that can be produced by 10 the loudspeaker in this experiment was 125 dB. The electrical signals measured by the acoustic-laser technique contain the vibration information of FRP-concrete 6 surface, and the signals can be presented in a time-domain waveform or in a frequency-domain spectrum. But in our 7 measurement, a visual inspection of the original time series will not give any particular insight due to the complexity 8 of the signals [14] . Therefore, in the present study, a fast Fourier transform (FFT) is adopted to map a recorded 9 time-domain waveform into frequency-domain spectrum. It is worth to point out that the flick noise (also called 1/f 1 noise) [15] [16] [17] [18] [19] In order to assess the ability of acoustic-laser technique to locate the defect and characterize the defect size, a 17 scanning image that reveals the electrical signals over the defect region and the intact region is plotted in Fig. 6 . In 18 The effects of the operational parameters on the sensitivity of the acoustic-laser technique are displayed in Fig.7 . 8
The measurement data collected from the defect center is plotted in this figure. Fig. 7(a) describes the amplitude of 9 electrical signals at resonant frequency (3670 Hz) plotted against distance of acoustic excitation, with three sound 1 pressure levels 100 dB, 110 dB, and 120 dB. The incident angle of laser beam is kept as 45° and incident angle of 2 acoustic excitation is kept as 90°. As seen from Fig. 7(a) , measurement results with three sound pressure levels 100 3 dB, 110 dB, and 120 dB, showing a similar trend. The amplitude for the defect area decreases with an exponential 4 pattern as the loudspeaker is positioned more and more distant. The phenomenon is attributed to the reduction of the 5 acoustic pressure loading onto the FRP surface. In Fig. 7(a) , the distances of acoustic excitation between 15 cm and 6 40 cm can ensure high sensitive measurement response, which are recommended by this paper for the practical 7 application of acoustic-laser technique. Since the down trend pertaining to the distance of acoustic excitation is 8 attributed to the declining acoustic pressure on the object, the following Fig. 7(b) presents the experimental results 9 of electrical signals against the SPL. It is found that the amplitude goes up with an increase in the SPL, in which the 10 trend as well follows the exponential manner. Based on the results in Fig. 7(b) , it is suggested that SPL higher than 11 100 dB provides more electrical response as compared to that less than 100 dB. To obtain the reliable measurement 12 results with acoustic-laser technique, the loudspeaker should be turned on at least 100 dB. . Following attention is placed on the effect of incident angle of acoustic excitation on the sensitivity of acoustic-laser 5 technique. Fig. 7(c) shows the amplitude of electrical signals versus the incident angle of acoustic excitation. From 6 0° to 90°, the vibration amplitude (3670 Hz in the frequency spectrum) decreases with the incident angle. The 7 mechanism may be due to the decomposition of the acoustic wave if the acoustic excitation is not in the direction 8 perpendicular to the FRP surface. In this case, if the loudspeaker is positioned at a normal angle (ϕ = 0°), the 9 acoustic excitation will be the greatest. Based on the results in Fig. 7(c) , incident angle of acoustic excitation 10 smaller than or equal to 60° can achieve a satisfactory signal strength. 11 Fig. 7(d) depicts the effect of incident angle of laser beam on the measurement response. As found in the Fig. 7(d),  12 vibration amplitude develops at an increasing rate with increase in the incident angle of laser beam. A possible 13 mechanism contributing to the increasing signals is that the larger incident angle of laser beam leads to the bigger 1 translating distance between the paths of reflected laser beams, as shown in Fig. 8(a) . Image that a laser beam is 2 normally incident on the surface of the vibrating FRP plate, the path of the reflected laser beam does not change. In 3 this case, no evident response is expected to be measured. From Fig. 7(d) , it is recommended that the incident angle 4 of laser beam larger than 30° gives a high sensitivity for acoustic-laser technique. However, too oblique incidence 5 of the laser beam leads to the distortion of the laser spot on the FRP plate which may lead to an inaccurate 6 measurement, as shown in Fig. 8(b) . Here, a flattening factor ρ is used to examine the distortion level of laser spot 7 resulting from the oblique incidence, which is defined by Eq. Exponential function y = is adopted to fit all the measurement points and the fitted results are 20 satisfied, as shown in Fig. 7 . This function can give us the indication that the acoustic-laser technique is very 21 sensitive in a certain value range of the operational parameters. For instance, the sensitivity of the acoustic-laser 22 technique is not changed much when the sound pressure level is smaller than the 100 dB, but the sensitivity can be 23 changed dramatically between the 100 dB and the 125 dB. Based on this, we are suggested that the sound pressure 24 level should be kept constant at each time when we repeat the detection of the same target or we detect several 25 targets. Note that a slight modification of SPL can lead to the big difference of the results. From the fitted results,indicates that the amplitude of the measurement signals could be increased limitlessly when the parameters are 1 altered in certain range. For instance, the measurement signal is 0.0071 mV when the SPL is 100 dB. When the 2 SPL is changed to 120 dB, the measurement signal is increased to 0.0394 mV which is 5.55 times as that of 100 dB. 3 SPL higher than 120 dB can even leads to larger signal (e.g. 0.0664 mV with 125 dB). However, for parameters 4 related to incident angles the coefficient is negative ( <0), which implies that the measurement signals cannot be 5 increased as much as we expected. For instance, the maximum measurement signal for incident angle of acoustic 6 excitation could be reached is about 0.02 mV. Therefore, the distance of acoustic excitation and SPL will be the 7 more important parameters to be considered if an increase of the measurement sensitivity is attempted. The present work focuses on the sensitivity of acoustic-laser technique when applied to inspect the defects in FRP-6 bonded concrete system. A series of parametric studies are conducted to investigate the performance of the 7 laboratory system under different operational parameters. The paper provides a reference for further research and 8 practical application of the acoustic-laser technique. The following conclusions can be drawn from the experimental 9 work: 10 1. Acoustic-laser technique has a series of advantages for defect detection. For the FRP-bonded concrete panel 11 used in our research, the electrical signals of the defect region appears a sharp peak at the frequency of 3670 Hz, 12 which indicates the presence of the defect. parameters falls in a certain range. In order to achieve the sensitive and reliable defect detection by using the 21 acoustic-laser technique, the distance of acoustic excitation should be no more than 40 cm; the SPL should be at 22 least 100 dB, the incident angle of acoustic excitation is suggested as 90°, and the incident angle of laser beam 23 is suggested to be within the range of 30° -60 o . 24
The performance of the acoustic-laser technique has been demonstrated by laboratory measurements on an 25 artificially damaged specimen. Further investigation of the technique is required before this technique is commonly 26 practiced in the site or outdoor environment. Some future research directions upon the acoustic-laser technique are 27 listed as follows: 28
